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The thermal stability of hydroxyapatite (HA), Ca10(PO4)6(OH)2, 
is a major concern for fabricating HA implants and coatings 
because the thermal decomposition on their processing modifies 
the prop erties of the HA materials, in particular the biomedical 
ones [1,2]. The decomposition of HA on heating proceeds in two 
stages: (1) partial dehydration yielding oxyhydroxyapatite (OHA) 
and water, i.e. Ca10(PO4)6(OH)2(1-x)Ox□x+xH 2O ( □ denotes 
noncharged va cancies), followed by complete dehydroxylation that 
transforms OHA into oxyapatite (OA), Ca10(PO4)6O□, which is 
unstable and quickly rehydrates to OHA in air [1,3], and (2) 
subsequent irrevers ible decomposition of OHA along with HA in 
calcium phosphates [1,2,4 6]. The works reported about the thermal 
behavior of HA are mostly focused on the second stage, because it has 
a strong effect on the mechanical properties [2,7], chemical activity 
[8] and stability of HA within living organisms [9]. In contrast, the 
effect of dehydration on the properties of HA materials is often 
overlooked [2,4 6]. During the dehydration stage of HA, the 
progressive loss of hydroxyl groups in OHA can shift the temperature 
of the subsequent decomposition of OHA+HA into calcium 
phosphates drastically [1]. The study of decom position mechanisms 
is thus of key importance to optimize the process ing of HA materials.
Moreover, the bioactive HA ceramics for specific applications re
quire certain degree of biodegradability and mechanical strength. It is 
known that these two characteristics are related with the porosityand presence of the tricalcium phosphate (TCP) phase, Ca3(PO4)2 in 
the material [10]. Therefore, it would be interesting to investigate the 
characteristics of the decomposition and densification of HA for 
achieving control of the porosity and TCP content in the HA ceramics. 
The incorporation of substitutional cations in the crystal lattice of HA 
is also of considerable interest because it can modify the 
characteristics of the crystal lattice enhancing the thermal stability, 
the mechanical and conductive properties, and consequently the 
biological response of the HA implants [11 13].
The addition of yttria (Y2O3) to a bioactive glass ceramics and HA 
materials has been investigated in terms of physical, mechanical and 
biological properties [14 16]. Also, Y2O3 has been indirectly involved 
in biomedical applications. In particular, Y2O3 is the usual stabilizer of 
zirconia used in HA based composite materials and other biomedical 
applications [17 22]. It appears that the addition of Y2O3 improves 
mechanical properties of the HA materials maintaining a good biolog
ical response. However, few papers reporting the effects of the Y2O3 
addition on HA are found, and the comprehension of its effect on 
the properties of sintered HA materials is limited.
In the presentwork the effect of the nano sized yttria addition on the
mechanisms of the HA decomposition during heating was investigated.
Experiments of differential thermal analysis (DTA) and thermal gravi
metric analysis (TGA), and measurements of X ray diffraction (XRD)
and Fourier transform infrared (FTIR) spectroscopy, were performed to
examine the changes that occur during heating of pure HA and
HA 10 wt.% Y2O3 processed by an optimized colloidal route. This
composition has been chosen because the decomposition and me
chanical characteristics of a HA 10 wt.% Y2O3 material (named
HA10Y hereafter) was previously investigated. In a study performed1
Fig 1. Zeta potential of HA and Y2O3 versus PAA concentration at pH=10.by Auger et al. [16], it was found that HA10Y, produced by dry 
me chanical mixing, cold isostatic pressing (CIP) and sintering, 
exhibited an enhanced thermal stability and somewhat better 
mechanical characteristics in comparison with the HA composites 
containing 10 wt.% of ZrO2 or TiO2.
It is hard to produce a homogeneous dispersion of nano sized par
ticles in a solid matrix because the second phase particles tend to ag
gregate during the processing of the starting powders. Nevertheless, it 
has been shown that the colloidal methods, like those described in 
Refs. [23 26], may be successful for obtaining this kind of disper sion 
in solid phase. Besides, the colloidal techniques allow the fabrica tion 
of ceramic parts with intricate shapes, and complex structures such as 
coatings, and layered or laminate materials. The high mobility of the 
particles in an appropriate colloidal suspension favors the ho
mogeneous dispersion of phases of different nature in the precursor 
slurries of ceramic matrix composites that can be processed as porous 
or dense materials [27,28]. To accomplish a good dispersion of the 
starting powders is necessary to develop repulsive potentials between 
particles that prevent the particle agglomeration [26]. These repulsive 
potentials are achieved by adding to the particle suspension a dispersing 
agent that induces a surface charge in the particle. Several dispersants 
can be used depending on the specific application, the concentration of 
which has to be optimized for each particular case [29]. Thus, in the 
present work as prerequisite, the dispersion of Y2O3 particles in a HA10Y 
composite has had to be optimized looking for the appropriate amount of 
dispersing agent that has to be added to the suspension of HA Y2O3 to 
obtain the precursor colloid with better stability. This is determined 
from zeta potential measurements in colloidal suspensions of starting 
powders.
2. Materials and methods
Synthetic HApowderwith a Ca/P ratio of 1.67 andmeanparticle size
of 5 μm (Captal® ‘S’ HA, Plasma Biotal Ltd.) and nanosized Y2O3 with a
primary particle size ranging between 15 and 30 nm (Nanophase Tech
nologies)were used as startingmaterials. These powders have a specific
surface area and a theoretical density of 1.5 m2 g−1 and 3.1 g cm−3 for
HA, and of 60 m2 g−1 and 4.5 g cm−3 for Y2O3.
The zeta potential for these starting powders was determined by mi
croelectrophoresis using a Zeta meter System 3.0+ (Zeta Meter Inc., 
USA) in the case of the HA suspensions, and by the laser Doppler 
velocimetry using a Zetasizer Nano ZS (Malvern, UK) for the Y2O3 sus
pensions. The accurate determination of the zeta potential for the 
nano sized Y2O3 particles requires the measurement of the particle ve
locity by laser Doppler velocimetry. The colloidal suspensions used for 
the measurements were prepared in a KCl 10−2 M water solution in 
order to maintain constant the ionic strength of the medium. For the 
present starting powders and measuring equipments, the optimum 
powder concentration in the suspensions resulted to be 0.1 g cm−3. 
Polyacrylic acid (PAA) (Mw=2,000, Acros Organics, USA), in an ammo
nia solution with a molar ratio PAA/NH3 of 1.5 for ensuring the PAA dis
sociation, was used as anionic dispersant agent. Since the pH of the 
suspension has an effect on the zeta potential, their pH values were ad
justed at pH=10 using a dilute tetramethylammonium hydroxide solu
tion (TMAH, Sigma Aldrich, Germany). The pH value of 10 was previously 
established elsewhere as the one that optimizes the colloidal processing 
of HA and Y2O3 starting powders [30]. A mean zeta potential from 10 
measurements was obtained for each suspensions.
After determining in terms of wt.% the PAA content that optimizes 
the zeta potential, separated colloidal suspensions of HA and HA10Y 
containing a solid fraction of 45 vol.% in deionised and distilled water 
were prepared with their pH adjusted at 10, and with the optimum con
centration of PAA dispersant previously determined for the HA and 
Y2O3 suspensions. The Ca/Y molar ratio in the HA10Y suspension is 
10.1, that corresponds to (10−y)/y with y=0.9, which is within the 
solubility limit ratio of ~2 for Y3+ in apatite [31]. These slurries wereball milled for 4 h to obtain a good dispersion of the Y2O3 particles in
HA. A polyethylene container and Al2O3 balls were used. Then, the slur
ries were slip cast on plaster of Paris molds and dried for 24 h in air to
obtain porous green samples. These samples were sintered at 1250 °C
for 90 min in air using heating and cooling rates of 5 °C min−1.
The thermal behavior during sintering was studied by TGA DTA
measurements over the temperature range 20−1450 °C at a heating
rate of 5 °C min−1 using a thermal analyzer Netzsch STA 409. The den
sities of the green and sintered samplesweremeasured by theArchime
des method using Hg, and the values were given as fraction of the
theoretical density calculated applying the mix rule, i.e. 3.25 g cm−3.
Microstructural and compositional analyses of the sintered samples
were performed on polished sintered samples with a field emission
scanning electron microscope (FE SEM Hitachi S 4700) equipped with
energy dispersive X ray spectrometers (EDS). The samples were em
bedded in an epoxy resin under vacuum to fill up the pores.
X ray diffraction (XRD) measurements were carried out in an X Pert 
Philips diffractometer using the Cu Kα radiation. The diffraction patterns 
were recorded through the range of 2θ angles between 10° and 100° in 
steps of 0.01°. The phases present in the sintered samples were identified 
from the quantitative analyses of the XRD patterns using the Rietveld 
method, the FULLPROF software, and the crystallographic data from the 
reference JCPDS files [32,33]. Lattice parameters of hexagonal structure 
were calculated using the reflections of the most intense peaks from 
HA and HA10Y XRD patterns.
The FTIRmeasurements were performed on sintered HA and HA10Y
samples using a Perkin Elmer 2000 FTIR spectrometer to evaluate the
optical absorption of the functional groups in thematerials. The samples
were ground using an agate mortar and pestle, and the powder was
pressured thin on a KBr crystal. The spectra were acquired over the
wave number range 4000−400 cm−1, and the KBr contribution to
the spectra subtracted.
3. Results and discussion
3.1. Material processing
The values of zeta potential of HA and Y2O3 measured as a function
of the PAA concentration at pH 10 are reported in Fig. 1. It should be no
ticed that the absolute values of zeta potential for HA are not compara
ble with those for Y2O3 because the measurements were acquired with
different instruments due to the differences in the particle size. Also, the
measurements corresponding to HA have a higher error due to the re
cording method of the experimental data. In any case, the sign and
trend of the zeta potential give the information of interest about the be
havior of both powders in aqueous suspension. The negative values of
the zeta potential indicate that both surfaces of the HA and Y2O32
  
 
Fig. 2. FE-SEM images of the polished surfaces of sintered (a) HA and (b) HA10Y. Areas
with black and dark grey contrast correspond with pore space filled up with epoxy
resin. (c) Fracture surface image of the HA10Y sintered composite showing the disper-
sion of submicrometric Y2O3 particles.particles are negatively charged. Then, when both types of particles are
in aqueous media, the mutual interaction will be repulsive avoiding ag
glomeration and promoting the dispersion of Y2O3 in the HA10Y mate
rial. It can be observed that zeta potential of HA powders decreases as
the amount of dispersant increases up to a limit of 1 wt.%, which
means that the surface of the particles is saturated of dispersant. Further
PAA addition does not induce more negative values, and consequently
any extra repulsion between the particles due to surface charges could
not be expected. In the case of the nano sized Y2O3 particles, a disper
sant fraction of 4 wt.% is required to achieve saturation. This higher frac
tion was expected as the specific surface area of the Y2O3 particles is
higher than the one for HA, and therefore a higher amount of dispersant
can be adsorbed. According to the results, the slurries were prepared
using dispersant amounts of 0.01×WHA and 0.04×WYO, where WHA
and WYO are the weights of HA and Y2O3 powders used for preparing
the slurries.
3.2. Characterization of pure HA and HA10Y composite
3.2.1. Microstructural characterization
Measurements performed by Hg immersion provide apparent den
sity measurements of the HA and HA10Y samples because this tech
nique measures the apparent volume of the samples. Because of its 
high surface tension, Hg is a non wetting fluid with respect to air for 
solid materials, so it does not fill the pore space. Thus, porosity defined 
by the (total pore volume)/(apparent volume) ratio is given by [1− 
(apparent density)/(theoretical density)]. The relative densities of the 
samples are summarized in Table 1. It should be observed that the HA 
density value is within the range of similar packed hydroxyapatite 
green bodies obtained by a similar method and with starting powders 
of the same particle size [25]. In the case of HA10Y, due to the difference 
in the particle sizes, a better packing is achieved and consequently a 
higher green density is measured. A sintering temperature of 1250 °C 
was selected to facilitate the formation of the neck and consolidation 
of a porous material. The sintering process affects the characteristics 
of the sintered materials in different ways. In the case of HA the density 
is higher in the sintered compact than in the green one, but still an ele
vated amount of open and/or close pores remains. This indicates that 
the compaction of the HA sample under the present conditions took 
place at the intermediate stage of sintering, i.e. when grain boundary 
migration is activated, the particles join together and pore shrinkage 
is still proceeding. In contrast, for HA10Y a very slight increment in 
the density is observed indicating that Y2O3 particles could have de
layed the sintering process by preventing the grain boundary migration. 
It should be mentioned that the densification degree achieved for 
HA10Y is very similar to the counterpart HA10Y material from 
Ref. [16], prepared by dry CIP and pressureless sintering.
Fig. 2 shows SEM images of the polished surfaces of sintered HA and
HA10Y, and the fracture surface of HA10Y. Images (a) and (b) in Fig. 2 re
veal that the present sintering conditions are appropriated for develop
ing necks between HA particles, although a considerable micron sized 
interconnected pores resulting in open porosity is observed. These obser
vations agree with the density measurements. In the case of the compos
ite HA10Y, Fig. 2b shows Y2O3 particles with a mean size of about 
200 nm completely surrounding the HA ones. This proves that a fine dis
persion of Y2O3 particles has been achieved under the present processing
conditions. In the micrograph of the fractured surface shown in Fig. 2c i t
can be observed how the Y2O3 particles are homogenously distributedTable 1
Densities of as-cast and sintered samples, expressed as percent of theoretical density.
Green Sintered
Sample HA HA10Y HA HA10Y
Density (% th) 59 63 68 64coating the HA ones. Since the shrinkage of HA10Y upon sintering is in
significant, this particle dispersion appears to inhibit the densification 
process and shrinkage of the sample [34]. In contrast, the HA10Y material 
in Ref. [16] did not exhibit such a fine dispersion of particles but large 
Y2O3 agglomerates.3.2.2. Thermal analysis
Fig. 3 shows the curves of TGA and DTA on green compacts of HA 
and HA10Y heated from room temperature to 1450 °C.
It can be observed that an evident mass loss occurs between 20
and 400 °C for HA (~0.75%) and HA10Y (~0.50%), which is followed
by a plateau for both materials. Above ~600°C HA starts to loss mass
again, first slowly up to ~1100 °C, where the rate of mass loss steeply
increases up to attaining a maximum rate at ~1350 °C. On increasing
temperature above 1400 °C the mass of HA remains constant after
having lost about 2.4% of the starting mass. For HA10Y the second
stage of mass loss starts at ~900°C with a rate increasing continuously
up to get 1.8% mass loss at 1450 °C, which is significantly lower than
the corresponding one for HA.
DTA curve of HA shows a broad exothermic peak centered at 350 °C
and another weak exothermic peak at 1420 °C. Both peaks are not3
results.
Fig. 3. TGA (upper graph) and DTA (lower graph) curves of HA and HA10Y green pow-
dered samples.
Fig. 4. XRD patterns fitted by FULLPROF for HA and HA10Y samples sintered at 1250 °C.
The segments marked at the bottom of each pattern indicate the theoretical positions
of the diffraction peaks corresponding to the phases detected in the samples. The low-
est trace in each graph represents the deviation of the XRD adjusted patterns from the
experimental one. The main peaks for the HA (■) and β-TCP (●) phases are labeled
with Miller indices (hkl).present in the DTA curve of HA10Y. Nomeaningful exothermic or endo
thermic peaks were observed.
The initial mass loss up to ~400°C is attributed to the removal of 
water adsorbed in the surface and pores (up to 200 °C) [1,35] and 
the loss of lattice water in the rage 200 400 °C. In the case of HA 
this mass loss is accompanied by a broad exothermic peak centered 
at ~350 °C in the DTA curve, which is attributed to burning of the re
sidual dispersant present in the green compact.
The second mass loss stage, starting above ~600°C in HA and at
~900 °C in HA10Y, is attributed to progressive dehydroxylation, in
agreement with other results reported for different types of HA
[1,6,35]. Since the onset temperature of the HA dehydroxylation is
shifted by the processing conditions, such as: preparation method of
the starting powder, impurities, sintering atmosphere and heating
rate, and the Y2O3 addition is just the processing parameter
distinguishing the HA10Y compacts from the HA ones, the shift of the
dehydroxylation to ~900°C is tentatively attributed to the Y2O3 addition.
Since Y2O3 added to HA appears to raise the density of the green com
pacts, i.e. it reduces the porosity of the green compacts, it results in less 
amount of adsorbed water in pores. Therefore a smaller mass loss 
would be expected in HA10Y during heating at temperatures  b400 °C. 
The increase of mass that can be observed in the HA10Y TGA curve at 
~600°C is associated to the in situ rehydration of the dehydrated sample 
[36]. The higher mass loss observed for HA at ~1150 °C is related to the 
water release produced by the transformation of HA to β tricalcium 
phosphate (β TCP) according to the reaction [37,38]:
Ca10ðPO4Þ6ðOHÞ2→3CaðPO4Þ þ CaOþ H2O↑ ð1Þ
Lastly, further mass loss in HA occurs between 1350 and 1400 °C, 
followed by a plateau with a corresponding exothermic peak in the 
DTA curve. This significant loss of relative mass in this temperature 
range, which has also been reported by other authors in HA [6], may 
be attributed to HA decomposition into α TCP and tetracalcium 
phosphate (TTCP), Ca4P2O9, accompanied by dehydroxylation [39]. 
According to the idea proposed by Liao et al. [6], the dehydration ofHA compacts would not be completely accomplished before decomposi
tion intoα TCP and TTCP through the temperature range 1350 1400 °C,
and some OAmight exist upon HA dehydration at T≤1400 °C. Then, the
little exothermic peak observed just above 1400 °C may be due to the
decomposition reaction of residual OA into α TCP and TTCP without
mass loss, i.e.
Ca10ðPO4Þ6O□→2Ca3ðPO4Þ2 þ Ca4P2O9 ð2Þ
It is evident from the TGA and DTA curves that the addition of Y2O3
inhibits the decompositionmechanisms of HA into calciumphosphates,
at least up to 1450 °C, but not the HA dehydration. This would allow to
control the HA decomposition, increase the processing temperature,
and improve the mechanical properties.3.2.3. XRD and FTIR measurements
To verify the effect of the decomposition mechanisms on the crys
tallographic structures and the chemical bonding, XRD and FTIR mea
surements were performed for both HA and HA10Y.
The experimental XRD patterns of HA and HA10Y samples sintered 
at 1250 °C are presented in Fig. 4, along with the theoretical position 
of the characteristic diffraction peaks of the phases detected in the 
sam ples. These patterns were fitted by FULLPROF. The values of 
reliability factors of the fit a r e : Rwp=1.8 for HA and Rwp=2.7  for 
HA10Y.  Two  phases were identified in HA after being sintered: 
hexagonal HA and β TCP. However, only the presence of hexagonal 
HA was detected for the HA10Y sample. These results agree with the 
previous results [16,31,37], and highlight that the addition of Y2O3 
stabilizes the apatite structure restraining the mechanisms of HA 
decomposition in β TCP irrespective of whether the processing route 
is colloidal or dry CIP and sintering as in Ref. [16]. Moreover, these 
XRD results support the above interpretation of the TGA and DTA 4
Changes in c and a axis lattice parameters were found from analyses
of the HA and HA10Y patterns. The obtained values were: cHA=6.90±
0.02 Å against cHA10Y=6.866±0.005 Å, and aHA=9.44±0.02 Å against
aHA10Y=9.392±0.004 Å. The less accurate valuesmeasured for pure HA
are related to less intense XRD peaks. The apatite cell volume decreases if
Y3+ ions are dissolved into the HA lattice substituting Ca2+, as expected,
because of the size difference of their ionic radii [31].
Fig. 5 shows the FTIR spectra of HA and HA10Y sintered at 1250 °C. 
The stretching band at 3571 cm−1 and vibrational band at 635 cm−1 
corresponding to OH− groups, as well as the absorption bands in the 
range 962 1100 cm−1 corresponding to the vibration modes of PO43− 
groups are clearly visible for both materials [31,40,41]. Moreover, a 
peak at 668 cm−1, attributed to the stretching frequency of a Y O 
bond, is observed in the spectrum of HA10Y [42]. The comparison 
between FTIR spectra for HA and HA10Y sintered samples shows that 
the intensities of the OH− bands at 3571 cm−1 and 635 cm−1 in the 
HA10Y spectrum are lower than the corresponding ones for HA. These 
results are attribut ed to the substitution of Ca2+  by Y3+  and charge 
compensation by an increase of negative charge produced by the 
transformation of OH− into O2−□ ion vacancy pairs, and subsequent 
formation of oxyhydroxyapatite in the form Ca10-y Yy(PO4)6Oy(OH)1-
y□y with a large number of anionic vacancies in its structure [3,31]. On 
the other hand, the presence of the strong absorption due to OH− 
groups in sintered HA indicates that complete dehydroxylation of HA 
did not occur at a sintering temperature of 1250 °C.
It is worthwhile to notice that a high ionic conductivity appears 
to enhance the electrical induced osteoconductivity and 
osseointegration of HA implants [43 45], which is favored by the 
presence of anion va cancies in the HA lattice [31,46,47]. Then, it is 
expected that the addition of Y2O3 to HA improves osteoblast 
adhesion and bone bonding to the HA implants besides increasing 
its thermal stability and improving other properties related with 
the processing conditions such as the elastic constants, mechanical 
strength and microhardness.
Fig. 5. FTIR spectra of HA and HA10Y sintered at 1250 °C.4. Conclusions
A highly dispersed 10 wt.% Y2O3 hydroxyapatite composite has been
fabricated by a colloidal route optimizing the zeta potential values of the
starting powders in aqueous suspensions. It has been shown that Y2O3
influences the sintering behavior in several ways: (1) restraining grain
boundary migration, and consequently maintaining the open porous
structure, (2) shifting the onset of the HA dehydroxylation and (3)
inhibiting the decomposition into calcium phosphates at tempera
tures ≤1450°C.
Then, the addition of Y2O3 allows controlling the decomposition
mechanisms to take advantage of the inhibition of a calcium phosphate
phase, maintaining the densification of thematerial. Both aspects could
be favorable for enhancing the properties of the HA based implantable
devices with designed porosity and functional properties.
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